Obesity is recognized as a chronic low-grade inflammatory state due to adipose tissue expansion being accompanied by an increase in the production of proinflammatory adipokines. Our group is the first to report that B-cell-activating factor (BAFF) is produced from adipocytes and functions as a proinflammatory adipokine. Here, we investigated how loss of BAFF influenced diet-induced obesity in mice by challenging BAFF − / − mice with a high-fat diet for 10 weeks. The results demonstrated that weight gain in BAFF − / − mice was 430% than in control mice, with a specific increase in the fat mass of the subcutaneous region rather than the abdominal region. Expression of lipogenic genes was examined by quantitative real-time PCR, and increased lipogenesis was observed in the subcutaneous adipose tissue (SAT), whereas lipogenesis in the epididymal adipose tissue (EAT) was reduced. A significant decrease in EAT mass resulted in the downregulation of inflammatory gene expression in EAT, and more importantly, overall levels of inflammatory cytokines in the circulation were reduced in obese BAFF − / − mice. We also observed that the macrophages recruited in the enlarged SAT were predominantly M2 macrophages. 3T3-L1 adipocytes were cultured with adipose tissue conditioned media (ATCM), demonstrating that EAT ATCM from BAFF − / − mice contains antilipogenic and anti-inflammatory properties. Taken together, BAFF − / − improved systemic inflammation by redistributing adipose tissue into subcutaneous regions. Understanding the mechanisms by which BAFF regulates obesity in a tissue-specific manner would provide therapeutic opportunities to target obesity-related chronic diseases.
INTRODUCTION
Obesity has been shown to be closely associated with the increased morbidity and mortality associated with metabolic syndrome, which includes type 2 diabetes, atherosclerosis, hypertension, stroke and cancers. [1] [2] [3] In the setting of a chronic positive energy balance, adipose tissue expands to accommodate excess energy. This leads to an increase in the secretion of proinflammatory cytokines such as tumor necrosis factor-α (TNFα) and monocyte chemotactic protein-1 (MCP-1). [4] [5] [6] Furthermore, the adipocyte-secreted molecules such as leptin, resistin and adiponectin, collectively termed adipokines, also function as inflammatory molecules in obesity. [7] [8] [9] In addition, a large number of proinflammatory cytokines produced by adipocytes have been introduced as novel adipokines, [10] [11] [12] [13] which further strengthens the ideology that adipose tissue acts as a major endocrine organ that drives systemic chronic inflammation and obesity-related metabolic diseases.
B-cell-activating factor (BAFF, also known as BLyS and TNFSF13B) is a member of the TNF ligand superfamily. It is mainly expressed in B-cell lineage cells and has a role in B-cell proliferation and differentiation. [14] [15] [16] There are three types of receptors for BAFF: BAFF receptor (BAFF-R), B-cell maturation antigen and transmembrane activator and calcium signalmodulating cytophilic ligand. BAFF is expressed on the plasma membrane as a trimer via TNF homology domain-15 and is secreted after being cleaved by furin-like protease. 17 The BAFF trimer binds BAFF-R, which is expressed on the plasma membrane in a trimeric form. 18 Secreted BAFF can form a 60-mer by assembly of 20 units of trimers through an unusually long D-E loop, 18 which preferentially binds to transmembrane activator and calcium signal-modulating cytophilic ligand. BAFF-R is expressed on the plasma membrane of mature adipocytes, whereas B-cell maturation antigen or transmembrane activator and calcium signal-modulating cytophilic ligand have limited expression. 19 Instead, B-cell maturation antigen is localized to the Golgi apparatus, 20 and evidence suggests that BAFF weakly binds B-cell maturation antigen. 21 Our group was the first to report that BAFF is produced by adipocytes. 22 Using the widely used and well-characterized human preadipocyte cell strain, Simpson-Golabi-Behmel syndrome 23, 24 and mouse 3T3-L1 cells, we identified that levels of BAFF expression change under pro-and anti-inflammatory conditions, suggesting that BAFF is a novel adipokine that links inflammation to obesity. 12, 22 Using mouse models, we have demonstrated that BAFF expression levels in adipose tissue were positively correlated with genetic and diet-induced obesity. 12, 25 Furthermore, we have found that BAFF triggers the expression of adipokines and that the interaction between adipocytes and macrophages augments the level of BAFF expression and secretion. 25 Given that macrophage infiltration in adipose tissue is one of the pathological processes in obesityassociated metabolic syndrome, 26 it is logical to conclude that BAFF mediates metabolic syndrome in obesity as an autocrine and/or paracrine factor.
Involvement of BAFF in autoimmunity has been suggested in BAFF transgenic mice. 27 Overexpression of BAFF induced phenotypes of autoimmune diseases such as an increased number of immune cells, autoantibodies and circulating immune factors. Recently, BAFF-R was considered as a potential therapeutic target for the cure of atherosclerosis when the development of atherosclerosis was prevented in BAFF-Rdeficient mice 28 or by BAFF-R antibody treatment. 29 Interestingly, the involvement of BAFF in obesity-related metabolic dysregulation such as insulin resistance 30 and oxidative stress 31 has been demonstrated. Hamada et al. 30 reported that BAFF inhibits insulin-stimulated glucose uptake and insulin signaling in vitro. They also demonstrated that oxidative stress is a factor that increases BAFF expression in obesity. 30 In contrast, the protective role of BAFF in hepatic steatosis was suggested, as BAFF-R knockout mice developed hepatic steatosis when fed with a high-fat diet (HFD), 32 yet the HFD-induced obesity was shown to be mitigated in those mice. Taken together, it is clear that BAFF unites obesity with metabolic syndrome. However, there is a lack of understanding regarding the mechanistic effect of BAFF in the development of systemic inflammation in obesity.
In this report, we aimed to identify a role for BAFF in obesity-induced systemic inflammation. We induced obesity in BAFF − / − mice via an HFD and examined changes in lipogenesis and inflammation in the presence or absence of BAFF. Our findings suggest that BAFF regulates systemic inflammation via redistribution of lipid accumulation in obesity.
MATERIALS AND METHODS

Diet-induced obesity in mice
Six-week-old C57BL/6 mice were purchased from Central Lab Animal Inc. (Seoul, Korea), and BAFF knockout mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA; stock number 010572). Systemic BAFF knockout mice were generated by insertion of the tailless human CD2 reporter gene into the BAFF locus. Mice were fed with a standard chow diet for a week to allow acclimation. The mice were separated into two groups and were fed either a standard chow or HFD containing 60% fat for 10 weeks. All mice were housed in cages on a 12-h light/dark cycle at a temperature of 22 ± 1°C and humidity of 55 ± 5%. Food intake was measured weekly.
3T3-L1 adipocyte culture
3T3-L1 preadipocytes purchased from the American Type Culture Collection (Manassas, VA, USA) were cultured in Dulbecco's modified Eagles' medium (DMEM) (Hyclone, Logan, UT, USA) containing 10% bovine calf serum (Hyclone) at 37°C in a humidified atmosphere of 5% CO 2 . After 2 or 3 days, cells were subcultured into 35-mm plates at a concentration of 3 × 10 4 cells per plate. At 2 days postconfluence (designated as day 0), cell differentiation was induced with a mixture of IBMX (methylisobutylxanthine, 50 mM; SigmaAldrich, St Louis, MO, USA), dexamethasone (1 mM; Sigma-Aldrich) and insulin (1 mg ml − 1 ; Sigma-Aldrich) in DMEM containing 10% fetal bovine serum (Hyclone). At days 2 and 4, the medium was replaced with DMEM containing 10% fetal bovine serum and insulin (1 mg ml − 1 ). At day 6, the medium was replaced with DMEM containing 10% fetal bovine serum only. At day 8, cells were treated with recombinant BAFF (10 ng ml − 1 ) and BAFF-R antibody (200 ng ml − 1 ) (R&D Systems, Minneapolis, MN, USA) for 24 h. Cells and the conditioned medium were collected for RNA extraction and enzyme-linked immunosorbent assay, respectively.
Adipose tissue conditioned medium
Subcutaneous adipose tissue (SAT) and epididymal adipose tissue (EAT) were obtained from control and BAFF − / − mice. Mice were fed with an HFD (60% fat) for 10 weeks. Adipose tissue was immediately cut into small pieces in ice-cold phosphate-buffered saline and washed with washing buffer (0.15 M NaCl, 10 mM KH 2 PO 4 , 5 mM glucose, penicillin, gentamycin and amphotericin B). The resulting tissue fragments were transferred to 6-well tissue culture plates (100 mg per well). Conditioned medium was generated by incubating the explants in DMEM supplemented with 0.2% amphotericin B in an atmosphere of 5% CO 2 at 37°C. The explants were cultured for 72 h, and the conditioned medium was then filter-sterilized and stored at − 80°C until use. 3T3-L1 adipocytes, 8 days after differentiation, were treated with 1 ml per well adipose tissue conditioned media (ATCM) for 24 h. As a control, cells were cultured in the same condition but with DMEM only. Cells were collected for RNA extraction.
RNA extraction and cDNA synthesis
Total RNA was isolated from 3T3-L1 adipocytes using QIAzol reagent (Qiagen, Hilden, Germany). cDNA synthesis was performed with 1 μg of total RNA using ImProm-II reverse transcriptase (Promega, Madison, WI, USA). Reactions were incubated at 24°C for 5 min, 42°C for 60 min and 70°C for 15 min. Synthesized cDNA was diluted with 80 μl double distilled water.
Real-time PCR
Real-time PCR analysis was performed using the Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The cDNA, appropriate primers, ROX dye and HotStart-IT SYBR Green qPCR Master Mix (USB Corporation, Cleveland, OH, USA) were incubated at 94°C for 2 min, then for 45 cycles of 95°C for 15 s and finally 60°C for 1 min. Oligonucleotide primer sequences used are listed in Table 1 . 
Abbreviations: ACC, acetyl-CoA carboxylase; ACS, acetyl-CoA synthetase; Arg I, arginase-1; Clec10a, C-type lectin domain family 10, member A; COX-2, prostaglandin-endoperoxide synthase 2; CPT-1, carnitine palmitoyl acyltransferase-1; DGAT, diglyceride acyltransferase; FAS, fatty acid synthase; IFNγ, interferon-γ; IL-6, interleukin-6; LPL, lipoprotein lipase; MCP-1, monocyte chemotactic protein-1; PGC1α, PPARγ coactivator 1α; PPAR γ, peroxisome proliferator-activated receptor γ; SREBP1c, sterol regulatory element binding protein 1c; TNFα, tumor necrosis factor-α.
Enzyme-linked immunosorbent assay
The mouse MCP-1/INF-γ enzyme-linked immunosorbent assay set was purchased from BD Bioscience (Heidelberg, Germany). Mouse leptin capture antibody and biotinylated antibody were purchased from R&D Systems. All experiments were performed according to the manufacturer's instructions.
Hematoxylin and eosin staining
For visualization of adipocytes in subcutaneous adipose tissue and epididymal adipose tissue, each tissue was fixed in 3.8% formaldehyde. Adipose tissues were sectioned and stained with hematoxylin and eosin. The size and number of adipocytes were measured.
Oil Red O staining
Cultured adipocytes were fixed with 10% fresh formalin (Sigma, St Louis, MO, USA) and rinsed with phosphate-buffered saline. Cells were incubated in filtered Oil Red O staining solution (Sigma) at 4°C for 1 h. After the staining solution was removed, the dye retained in the cells was eluted with isopropanol and the optical density at 540 nm was determined.
Statistical analysis
The data were analyzed by Student's t-test. A P-value of o0.05 was considered to be significant.
RESULTS
HFD increased fat mass of SAT but not EAT in BAFF − / − mice Obesity was induced in control and BAFF − / − mice by feeding with an HFD for 10 weeks. BAFF − / − mice responded to HFD feeding with an accelerated body weight gain compared with control mice (Figure 1a ). Statistical analysis of weight gain revealed a significant difference between BAFF − / − and control mice from 6 weeks of HFD feeding onward (week 6, Po0.05; week 7, Po0.01; week 8-10, Po0.001). It is noteworthy that the initial body weight of BAFF − / − mice was lower than that of control mice, so the percentage of total weight gain was significantly higher in BAFF − / − mice compared with control mice (Figure 1b) . The amount of food intake was not significantly different between the two groups of mice (Figure 1c) . Evaluation of body composition between control and BAFF − / − mice revealed that there was an increase in fat mass in the SAT, whereas there was a decrease in the fat mass of the EAT relative to control mice when normalized to body weight ( Figure 1d ).
Lipogenesis was altered in the presence or absence of BAFF To evaluate mechanisms leading to the increased adiposity in BAFF − / − mice, we measured the expression of genes associated with lipogenesis and lipolysis. The mRNA expression of enzymes involved in lipogenesis, fatty acid synthase (FAS), acetyl-CoA carboxylase and perilipin was examined and found to be decreased in the EAT but increased in the SAT. Conversely, the expression of carnitine palmitoyl acyltransferase-1 and adiponectin were reduced in SAT but induced in EAT (Figure 2a) , suggesting increased lipogenesis and decreased lipolysis in SAT of BAFF − / − mice. Hematoxylin and eosin staining showed that SAT of BAFF − / − mice produced a greater number of adipocytes that were of a smaller size compared with EAT adipocytes. However, there was no significant change in the morphology of EAT (Figure 2b ). To determine whether lipogenic enzyme expression is regulated by BAFF, we examined the expression of peroxisome proliferator-activated receptor γ (PPARγ), PPARγ coactivator 1α (PGC1α), acetyl-CoA synthetase, diglyceride acyltransferase, lipoprotein lipase (LPL), sterol regulatory element binding protein 1c (SREBP1c), perilipin and leptin in BAFF-treated 3T3-L1 adipocytes. The mRNA expression of all genes was downregulated by BAFF treatment and then reversed by the blockage of BAFF signaling with the addition of the neutralizing BAFF-R antibody ( Figure 2c ). As shown in Figure 2d , Oil Red O staining indicated that BAFF treatment reduced lipid accumulation in 3T3-L1 adipocytes. Quantitatively, an~8% reduction in lipid accumulation was measured in BAFF-treated cells compared with controls; this reduction was inhibited by BAFF-R antibody treatment (Figure 2d ).
Reduced systemic inflammation in HFD-fed BAFF − / − mice In previous studies, we showed that the mRNA expression of proinflammatory adipokines significantly increased in BAFF-treated 3T3-L1 adipocytes. 25 From this finding, we hypothesized that BAFF mediates inflammation in obesity.
To examine this hypothesis, we first measured the expression of genes associated with inflammation in adipose tissue from HFD-fed control and BAFF − / − mice. The mRNA expression of these molecules was all decreased in EAT of BAFF − / − mice compared with control mice. In the SAT, they were either unchanged (MCP-1, haptoglobin and leptin) or increased (interleukin-6 (IL-6) and prostaglandin-endoperoxide synthase 2 (COX-2)) in BAFF − / − mice (Figure 3a) . To determine whether these changes in mRNA expression were related to systemic inflammation, we measured leptin, MCP-1 and IFNγ levels in the serum. As expected, significantly lower levels of inflammatory markers were detected from BAFF − / − mice serum compared with controls ( Figure 3b) . As a complementary method, we treated BAFF in 3T3-L1 adipocytes and examined the expression of TNFα and IL-6. TNFα and IL-6 expression levels increased with BAFF treatment and recovered with additional BAFF-R antibody (Figure 3c ). However, ATCM from BAFF − / − SAT increased the expression of those genes (Figure 4a ). The mRNA expression of inflammatory cytokines (IL-6, COX-2, haptoglobin and leptin) were decreased in adipocytes treated with ATCM from the EAT of BAFF − / − mice. In contrast, there were no significant changes in the expression of these cytokines in ATCM from the SAT of BAFF − / − mice (Figure 4b ).
M2 macrophage infiltration was determined in SAT
Given that adipose tissue expansion is known to be related to macrophage infiltration, we determined macrophage markers at the mRNA level. F4/80 and CD11b were examined as macrophage infiltration markers and results showed expression of those genes were unchanged in the EAT but upregulated in the SAT of BAFF − / − mice (Figure 5a ). Levels of inflammationpromoting M1 macrophages were determined by the expression of CD86 and CD163. The expression of CD86 did not show any changes, but CD163 was significantly downregulated in SAT in the absence of BAFF (Figure 5b ). We next examined the M2 macrophage markers arginase-1 and Clec10a (C-type lectin domain family 10, member A) and found that the expression of those genes was significantly upregulated in the SAT of BAFF − / − mice, whereas no changes were observed in EAT (Figure 5c ).
DISCUSSION
In this study, we have shown that BAFF knockout promotes lipogenesis in a depot-specific manner and reduces the production of inflammatory molecules in obese mice. When BAFF − / − mice were fed with an HFD, SAT mass was selectively increased while EAT mass decreased. In the SAT, there was a downregulation of inflammatory gene expression, although fat mass increased. This was followed by a reduction in the overall concentration of circulating cytokines, which suggests an improvement in systemic inflammation when BAFF is absent in obesity.
To examine whether the absence of BAFF could lead to dietinduced obesity, we fed 6-week-old BAFF − / − and control mice with a standard chow diet or an HFD for 10 weeks and monitored their weight gain. Our data showed that the body weight of BAFF − / − mice was significantly increased after 6 weeks of feeding with HFD. However, the BAFF − / − mice fed the standard chow diet did not show a remarkable difference in weight gain compared with their controls (data not shown). We then measured the weight of each adipose depot and found that the weight of the SAT increased, whereas that of the EAT decreased in BAFF − / − mice. However, the mass of visceral adipose tissue was similar between the two groups.
To know whether these changes were due to modulation of either lipogenesis and/or lipolysis, we measured mRNA expression of genes involved in these pathways. Lipogenic enzymes (FAS and acetyl-CoA carboxylase) were shown to be upregulated in SAT and downregulated in EAT. The lipolysis regulatory genes carnitine palmitoyl acyltransferase-1 and adiponectin 33 were decreased in SAT and increased in EAT. Therefore, increased lipogenesis and decreased lipolysis together resulted in the SAT mass increase. Not surprisingly, because visceral adipose tissue fat mass was not altered, there was also no change in the lipogenic gene expression of BAFF − / − mice compared with the control mice (data not shown); hence, the studies focused on the SAT and EAT.
The effects of BAFF knockout in mice were further confirmed in murine 3T3-L1 adipocytes. We treated cells with recombinant BAFF and neutralizing BAFF-R antibody to mimic a BAFF knockout. The results showed that the treatment of BAFF inhibits lipogenesis, while cotreatment with BAFF-R antibody neutralized the effects of BAFF. This suggests that the in vitro method recapitulates the effects of BAFF knockout in the setting of obesity, especially in SAT.
We observed smaller and greater numbers of adipocytes in the SAT of BAFF − / − mice by hematoxylin and eosin staining. This result suggests that induction of adipogenesis is another arm that contributed to the SAT mass increase. To identify this, we measured PPARγ expression, but there was no significant difference between the two groups (data not shown). It is possible that the window in which PPARγ is increased occurred earlier than the 10-week time point when the experiment was completed. Investigations into the temporal profile of PPARγ during high-fat feeding would improve our understanding of adipogenesis in obese BAFF − / − mice. Using our in vitro assay, we have also demonstrated that the addition of BAFF inhibited the expression of the adipogenic transcription factors PPARγ and SREBP1c and that the neutralizing BAFF-R antibody treatment deactivated the inhibitory mechanism of adipogenesis. Therefore, BAFF knockout may promote adipogenesis.
Although the effects of BAFF knockout were largely confirmed in vitro, the changes in their gene expression appeared marginal. This result is most likely due to the concentration of BAFF used. Previous studies have reported an increase in inflammation when 3T3-L1 adipocytes were treated with 200 ng ml − 1 of BAFF. However, the concentration of BAFF detected in mouse serum is 5-15 ng ml − 1 . 34, 35 Therefore, the concentration of BAFF used in this study (10 ng ml − 1 ) more closely reflects physiological levels.
It has been reported that SAT has beneficial effects on whole body metabolism in a mouse transplantation model. 36 By transplanting adipose tissue to the subcutaneous region, an increase in SAT mass improved obesity-related complications. Given that BAFF − / − mice show a selective increase in SAT mass, we hypothesized that this may be advantageous by reducing inflammation in obesity. Thus, we examined mRNA expression of inflammatory cytokines in SAT and EAT. In the SAT MCP-1, haptoglobin and leptin expression were not changed, while IL-6 and COX-2 expression increased. In the EAT, all the genes examined were downregulated in the absence of BAFF owing to the decrease in fat mass. 37 More importantly, overall levels of cytokines in the circulation were reduced in BAFF − / − mice. This suggests that the decrease in EAT mass drove the amelioration of systemic inflammation in obese mice. In addition, we showed that SAT expansion is accompanied by macrophage infiltration, especially M2 macrophages. Altogether, our data suggest that increased SAT mass in BAFF − / − mice would have beneficial effects on metabolism. Further studies should characterize the metabolic phenotypes of BAFF − / − mice such as insulin sensitivity and hepatic steatosis.
Finally, we showed that the molecules secreted from SAT and EAT of obese BAFF − / − mice generated different effects. When 3T3-L1 adipocytes were cultured with EAT ATCM from BAFF − / − mice fed an HFD, genes involved in lipogenesis and inflammation were all downregulated. Although SAT ATCM did not modulate lipogenesis or inflammation as we found in the mouse model, adipose tissue is an endocrine organ, and its secreted molecules exert autocrine/paracrine activities. Therefore, investigating the secretome profiles of EAT and SAT, or alternatively, using a microarray targeted to metabolism, would increase our understanding of how BAFF knockout differentially affects each adipose depot.
For the first time, we have demonstrated the function of BAFF in obesity using BAFF knockout mice. Thus far, research has been limited to BAFF-R knockout mice. However, this produces a discrepancy in the development of obesity-related complications for BAFF-R knockout mice compared with control animals. For example, BAFF-R − / − mice developed insulin resistance, while hepatic steatosis was improved. 32 Because BAFF transduces signaling through three different receptors, some compensatory mechanisms may be present in BAFF-R knockout mice. Thus, further studies on obesityrelated complications in BAFF knockout mice would elucidate a mechanistic function of BAFF in obesity.
In this report, we demonstrated that BAFF knockout improves systemic inflammation in obesity via the redistribution of adipose tissue into subcutaneous areas. This finding largely supports previous reports from our group that suggest that BAFF acts as a novel adipokine that regulates inflammation. 25 Moreover, this work provides a platform for the development of therapeutic interventions such as antagonizing BAFF activity to combat obesity-related metabolic disease.
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